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.2012.09.Abstract The structure effect on corrosion inhibition of two amines and their derivatives is the
main object of this article. The ﬁrst amine was 1,8-diaminooctane and its ethoxylated (50 e.o.)
1,8-diaminooctane and propoxylated (50 p.o.) 1,8-diaminooctane. The second amine is the tetraeth-
ylenepentamine and its ethoxylated (50 e.o.) and propoxylated (50 p.o.) derivatives. The investiga-
tions were carried out by open circuit potential, potentiodynamic polarization, electrochemical
impedance, quantum calculations and SEM measurements. The data obtained for the ﬁrst amine
showed the minimum inhibition efﬁciency (65.5%), meanwhile the maximum inhibition efﬁciency
was 78.9% for its propoxylated derivative. On the other hand the maximium inhibition efﬁciency
was 91% for the second propoxylated amine. The electronic properties; HOMO and LUMO energy
levels, energy gap, dipole moment, polarizability, log P, total energy, charge densities, area/mole-
cule and hydration energy have been calculated. The inhibition efﬁciency was calculated theoreti-
cally using the electronic parameters. From the obtained results, there is a signiﬁcant difference
between the inhibition efﬁciency of the electronic and the inhibition efﬁciency experimentally.7 296 73; fax: +20 2 227 474
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Table 1 The name and abbreviatio
Structure
NH2–(CH2)8–NH2
H–(e.o.)2X–N–[CH2CH2]8–N–(e.o.)2Z–
H–(p.o.)2X–N–[CH2CH2]8–N–(p.o.)2Z–
NH2–(CH2CH2NH)3–CH2CH2NH2
H–(e.o.)2X–N–[CH2CH2N–(e.o.)Y]3–CH
H–(p.o.)2X–N–[CH2CH2N–(p.o.)Y]3–C
Where, 2X+ Y+ 2Z= 50; e.o., ethy
Table 2 Carbon steel composition
Element C Si
Content (wt.%) 0.09 0.22
102 A.M. Al-Sabagh et al.The results were discussed on the light of the chemical structure of the used inhibitors. In general,
the inhibition efﬁciency is affected by the shape and structure of the molecule.
ª 2012 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Carbon steel has been extensively used under different condi-
tions in petroleum industries [1]. Aqueous solutions of acids
are among the most corrosive media. Acid solutions are widely
used in industries for pickling, acid cleaning of boilers, descal-
ing and oil well acidizing [2–5]. Among the acid solutions,
hydrochloric acid is one of the most widely used agents. The
main problem concerning carbon steel applications is its rela-
tively low corrosion resistance in acidic solutions. Several
methods are currently used to prevent corrosion of carbon
steel. One such method is the use of organic inhibitors [6].
Corrosion inhibition by organic inhibitors is based mostly on
the inhibitor molecule adsorption on the metal surface and
the subsequent formation of a protective monolayer that min-
imizes access of corrosive ions to the metal substrate surface.
Adsorption can occur via electrostatic interaction between
the inhibitor molecule and the metal substrate (physisorption)
or it could involve charge sharing between the two (chemisorp-
tion), or a combination of both interaction types [7–12]. It has
been observed that the adsorption depends mainly on the elec-
tronic structure of the molecules due to the presence of appro-
priate functional groups, aromaticity, electron density at the
donor atoms and p orbital character of the donating electrons
[13–18]. Quantum chemical methods undoubtedly, play most
signiﬁcant part in solving this problem [19–21]. In the present
investigation six new corrosion inhibitors, namely 1,8-diami-
nooctane (DAO1), 1,8-diaminooctane ethoxylate (e.o. = 50,
DAO2), 1,8-diaminooctane propoxylate (p.o. = 50, DAO3),
tetraethylenepentamine (TEPA1) and its ethoxylate and
propoxylate (TEPA2 and TEPA3), have been synthesized to
investigate their inhibition effect on the carbon steel in one mo-
lar hydrochloric acid solutions. The inhibition performance is
evaluated by polarization curves, open circuit potential (OCP)
and electrochemical impedance spectroscopy (EIS). Theoreti-
cal calculations have been performed by full geometry
optimization of inhibitors using the lowest energy geometrical
conﬁguration at the level of density functional theory.ns of the investigated inhibitors
H
H
2CH2N–(e.o.)2Z–H
H2CH2N–(p.o.)2Z–H
lene oxide; p.o., propylene oxide.
in wt.%.
Mn P S
1.52 0.01 0.052. Experimental and techniques
2.1. Inhibitors
According to the published methods in References [22–23], the
amines tetraethylenepentamine (TEPA1) and 1,8-diaminooc-
tane (DAO1) are subjected to ethoxylation with 50 U of ethyl-
ene oxide (50 e.o.) to produce (TEPA2) and (DAO2),
respectively. Also, (TEPA1) and (DAO1) are subjected to
propoxylation with 50 U of propylene oxide (50 p.o.) to pro-
duce (TEPA3) and (DAO3), respectively. The names, molecu-
lar structures and abbreviations of the examined amines
derivatives are listed in Table 1.
2.2. Solutions
The aggressive solutions of 1.0 M HCl is prepared by dilution
of AR grade 37% HCl with distilled water. The concentration
range of the examined inhibitors is 0.1–0.5 mmol dm3.
2.3. Composition of carbon steel
The working electrode is prepared from cylindrical carbon steel
barof compositionpresented inTable 2.The electrode is inserted
in aTeﬂon tube and isolatedwith epoxy so that only its cross sec-
tion (0.5 cm2) is allowed to contact the aggressive solutions. The
electrode is polished using different grades of emery paper (600,
800and1200)before eachexperiment, and then rinsedwith triply
distilled water and ﬁnally degreased with acetone.
2.4. Electrochemical measurements
Electrochemical measurements are performed with a tradi-
tional three-electrode cell using Volta lab 40 (Tacussel-Radi-
ometer PGZ402) potentiostat and controlled by Tacussel
corrosion analysis software model (Voltamaster 4) under
static condition. A platinum electrode and saturated calomel.
Name Abbreviations
1,8-Diaminooctane DAO1
Ethoxylated 1,8-diaminooctane DAO2
Propxylated 1,8-diaminooctane DAO3
Tetraethylenepentamine TEPA1
Ethoxylated tetraethylenepentamine TEPA2
Propxylated tetraethylenepentamine TEPA3
Ni Cr Mo V Cu Al Fe
0.04 0.02 0.004 0.002 0.02 0.04 Rest
Structure effect of some amine derivatives on corrosion inhibition efﬁciency 103electrodes (SCE) are used as auxiliary and reference electrodes,
respectively. The working electrode is prepared from a cylin-
drical carbon steel rod insulated with polytetraﬂoroethylene
tape (PTFE).
Electrochemical open circuit potential (OCP) is carried out
in acidic media. The electrode is immersed in test solution at
OCP for 30 min at room temperature to be sufﬁcient to attain
a stable state.
The polarization curves are measured by a scanning rate of
1 mV s1 in the range ±0.2 V in both cathodic and anodic
potentials to investigate the polarization behavior. Before each
test, the HCl electrolyte is deaerated by bubbling ultra pure
nitrogen gas for half an hour and the iron electrode is im-
mersed in 1 M HCl solution for 20 min to be stabilized. All
experiments are performed at 298 K. Potentiodynamic polari-
zation curves are obtained by changing the electrode potential
automatically from 400 to 700 mV vs. SCE.
The degree of surface coverage (h) and the percentage of
inhibition efﬁciency gp (%) are calculated using the following
equations:
h ¼ 1 I=Io ð1Þ
gpð%Þ ¼ ð1 I=IoÞ  100 ð2Þ
where Io and I are the corrosion current densities in the ab-
sence and presence of the inhibitor, respectively.
The inhibition efﬁciencies are determined from corrosion
currents which are calculated automatically by voltamaster
using the Tafel extrapolation method.
Electrochemical impedance spectroscopy (EIS) is carried
out at OCP in the frequency range of 10 MHz–100 kHz using
10 mV peak-to-peak voltage excitation. An AC sinusoid
±10 mV is applied at the corrosion potential (Ecorr). The
experiments are measured after 24 h of immersion.
The charge transfer resistance (Rt) values are calculated
from the difference in impedance at lower and higher frequen-
cies [24].
The double layer capacitance (Cdl), is determined from the
frequency (f), at which the imaginary component of the imped-
ance (Zi) is maximum (Zmax) using the following relationship
Cdl ¼ ½1=2p RtfðZmaxÞ ð3Þ
The inhibition efﬁciency is got from the charge transfer
resistance by:
gi ð%Þ ¼ ð Rt  Rt= RtÞ  100 ð4Þ
where R´t and Rt are the charge transfer resistance values with
and without the inhibitor, respectively.
2.5. Surface analyses using scanning electron microscope
(SEM)
The surface morphology of carbon steel samples after immer-
sion in HCl solution with and without 0.5 mmol dm3of the
investigated inhibitor is investigated by scanning electron
microscope (SEM) using a JEOL 5410 microscope.
2.6. Quantum chemical study
2.6.1. Computational techniques
The molecular structures of the selected inhibitors have been
fully geometrically optimized via single point ab initio method(3-21G basis set) using Austin model 1 (AM1) with hyperchem
quantum chemistry software [25]. The quantum chemical
parameters calculated are the energy of the highest occupied
molecular orbital (EHOMO, eV), the energy of the lowest unoc-
cupied molecular orbital (ELUMO, eV), the energy gap
(DE= ELUMO  EHOMO, eV), the dipole moment (l, Debye),
log P (lipophilicity), polarizability (pol, A˚3), total energy (ET,
eV), the hydration energy (Ehydr, kcal/mol), the ionization po-
tential (I, eV), the electron afﬁnity (A, eV), the global hardness
(g, eV/mol), the softness (r, eV/mol), the electronegativity (v),
the number of transferred electrons (DN), the surface area (A,
nm2) and the Mulliken charge densities.
In order to correlate the quantum chemical indices with the
studied inhibitors and their experimental inhibition efﬁcien-
cies, the non-linear model (LKP), has been used in this study.
The LKP model is based on the Langmuir adsorption iso-
therm, where the surface coverage (h) characterizes the adsorp-
tion of molecule. Coverage by inhibitor molecules is one of the
primary causes of corrosion inhibition. Assuming that h  g
(%), the following proposed relation between inhibition efﬁ-
ciency and quantum chemical index can be obtained:
gð%Þ ¼ f½ðAxj þ BÞ Ci=ð1þ ½ðAxj þ BÞ CiÞg  100 ð5Þ
where g (%) is the inhibition efﬁciency, A and B are the regres-
sion coefﬁcients determined by regression analysis, xj is a
quantum chemical index characteristic of molecule (j) and Ci
denotes experiment’s concentration (i) [26]. In this work, xj is
constructed, as a composite index of quantum chemical
parameters EHOMO, ELUMO, DELUMO–HOMO, l, log P, and
pol.2.6.2. Quantum chemical calculations
The HOMO is the orbital that could act as an electron donor,
since it is the outermost (highest energy) orbital containing
electrons. The LUMO is the orbital that could act as the elec-
tron acceptor, since it is the innermost (lowest energy) orbital
that has room to accept electrons. According to the frontier
molecular orbital theory, the formation of a transition state
is due to an interaction between the frontier orbitals (HOMO
and LUMO) of reactants [27].
The fraction number of electrons transferred (DN) from the
inhibitor to the metallic atom is also calculated depending on
the quantum chemical method [28] using the equation below;
DN ¼ ðvFe  vinhÞ=½2ðgFe þ ginhÞ ð6Þ
where vFe and vinh denote the absolute electronegativity of iron
and the inhibitor molecule, respectively; gFe and ginh denote
the absolute hardness of iron and the inhibitor molecule,
respectively. The theoretical values of vFe and gFe are 7 and
0 eV/mol, respectively.3. Results and discussion
3.1. Chemical structure effect
The inhibition efﬁciency of the organic compounds depends on
many factors including the number of adsorption sites and
their charge density, molecular size, heat of hydrogenation,
mode of interaction with the metal surface and formation of
metallic complexes [29].
104 A.M. Al-Sabagh et al.The studied original compounds contain the same number
of carbon atoms (8 carbon atoms) but they differ only in the
number of NH attached to the molecule. 1, 8 di amino octane
(DAO1) contains 2 NH2 group attached to the two terminals
of the compound while tetraethylene pentamine (TEPA1) con-
tains 3 NH within the molecule and 2 NH2 at the two termi-
nals. These two starting amines are ethoxylated individually
with 50 U from ethylene oxide to yield the ethoxylated prod-
ucts DAO2 and TEPA2. Also they are propoxylated with
50 U from propylene oxide to yield the propoxylated products
DAO3 and TEPA3. So, the difference between DAO2 and
TEPA2 is the number of nitrogen atoms. DAO2 contains
2 N atoms while TEPA2 contains 5 N atoms. The same is
for DAO3 and TEPA3. This difference is the reason for the
good adsorption of tetraethylene pentamine (TEPA1) and its
derivatives (TEPA2 and TEPA3) than 1, 8 di amino octane
(DAO1) and its derivatives (DAO2 and DAO3). Hence the or-
der of increasing inhibition efﬁciency is as follows: TEPA1 > -
DAO1, TEPA2 > DAO2, TEPA3 > DAO3 with values
85.2 > 65.5%, 87.3 > 74.4%, 91.0 > 78.9%, respectively.
This is clear in Table 1. Moreover, as the number of the aminic
nitrogen increases, the corrosion inhibition efﬁciency increased
signiﬁcantly.
Also, the difference between TEPA3 and TEPA2 is the eth-
ylene oxide (hydrophilic group) in TEPA2 and propylene oxide
(hydrophobic group) in TEPA3. This difference makes TEPA3
more hydrophobic than TEPA2, so the propylene oxide group
present in the inhibitor molecule can form a hydrophobic bar-
rier retarding the metal corrosion in aggressive environments.
The same is for DAO2 and DAO3.
3.2. Open circuit potential measurements (OCP)
Fig. 1 shows the variation of the OCP of carbon steel with time
in 1 M HCl solution, in the absence and presence of
0.5 mmol dm3 of the inhibitors at room temperature. In all
cases, the OCP trend is similar, i.e. the OCP value ﬁrst slightly
increases to more noble values and then reaches a plateau. In
the ﬁrst approximation, this trend indicates that, the corrosion
reaction slows down with time, and then reaches a steady stateFigure 1 Variations of the OCP as a function of time, recorded
for carbon steel electrode in 1 M HCl in the absence and presence
of 0.5 mmol dm3 of the investigated inhibitors.rate within the time interval presented. The steady state repre-
sents an equilibrium state at which the oxidation current (Iox)
equal to the reduction current (Ired). As the inhibitor concen-
trations increase in the aggressive medium, a positive shift to
more noble values in OCP curves is occurred due to the forma-
tion of a protective ﬁlm on carbon steel surface and this inﬂu-
ences the anodic corrosion reaction [30].
3.3. Tafel polarization measurements
Tafel polarization curves of carbon steel in 1 M HCl solution
in the absence and presence of various concentrations of the
DAO1 and TEPA3, as a representative samples, is shown in
Fig. 2(a and b), respectively. It is clear that, the presence of
the inhibitors causes a markedly decrease in the corrosion rate.
Also, it is clear from the polarization curves that the Tafel lines
are shifted to more negative and more positive potentials with
respect to the blank curve by increasing the inhibitor concen-
tration. This behavior indicates that, the undertaken additives
act as mixed type inhibitors. This may be ascribed to the
adsorption of the inhibitor over the corroded surface. Electro-
chemical corrosion kinetic parameters, such as corrosion po-
tential (Ecorr), cathodic (bc) and anodic (ba) Tafel slopes,
corrosion current density (Icorr), coverage surfaces (h) and
the inhibition efﬁciency are obtained from the Tafel extrapola-
tion of the polarization curve. These parameters are summa-
rized in Table 3. The corrosion current density (Icorr) isFigure 2 Polarization curves for carbon steel electrode in 1 M
HCl in the absence and presence of different inhibitor concentra-
tions [(B) blank, (1) 0.1, (2) 0.2, (3) 0.3, (4) 0.4 and (5)
0.5 mmol dm3] of (a) DAO1 inhibitor and (b) TEPA3 inhibitor.
Table 3 Electrochemical polarization parameters for the corrosion of carbon steel in 1 M HCl containing various concentrations of
the investigated inhibitors.
Inhibitor Concentration (mmol dm3) Ecorr (mV vs. SCE) Icorr (mA cm2) ba (mV dec1) bc (mV dec1) gp (%)
Blank 0 558 1.2235 342 219 ––
Group I DAO1 0.1 553 0.7639 329 236 37.6
0.2 527 0.5581 250 308 54.4
0.3 544 0.5383 243 221 56.0
0.4 569 0.4607 288 210 62.3
0.5 595 0.4218 115 329 65.5
DAO2 0.1 562 0.4590 234 182 62.5
0.2 512 0.4216 192 395 65.5
0.3 528 0.4067 181 424 66.8
0.4 553 0.3330 164 189 72.8
0.5 505 0.3119 130 188 74.5
DAO3 0.1 480 0.3618 159 249 70.4
0.2 459 0.3507 144 234 71.3
0.3 504 0.2926 161 199 76.1
0.4 547 0.2688 173 176 78.0
0.5 508 0.2577 161 224 78.9
Group II TEPA1 0.1 521 0.2758 180 231 77.5
0.2 418 0.2743 133 617 77.6
0.3 512 0.2439 126 171 80.1
0.4 532 0.1901 201 177 84.5
0.5 545 0.1805 173 186 85.2
TEPA2 0.1 452 0.2423 129 188 80.2
0.2 540 0.2018 140 152 83.5
0.3 515 0.1754 101 118 85.7
0.4 423 0.1647 108 311 86.5
0.5 424 0.1557 106 328 87.3
TEPA3 0.1 549 0.1753 145 144 85.7
0.2 501 0.1656 113 329 86.5
0.3 502 0.1540 93 278 87.4
0.4 520 0.1355 128 135 88.9
0.5 570 0.1099 138 176 91.0
Structure effect of some amine derivatives on corrosion inhibition efﬁciency 105obtained from the extrapolation of Tafel lines to pre-deter-
mined open circuit potential [31].
The only difference between the studied two groups ‘‘group
I and II’’ is the number of nitrogen atoms. In group I, there are
only two nitrogen atoms at the two terminals of the compound
while the second ‘‘group II’’ contains ﬁve nitrogen atoms dis-
persed within the molecule. But, within the group, the differ-
ence is the ethoxylation step and the propoxylation step.
From this point, the electrochemical discussion will be based
on the chemical structure as follows:
According to Icorr and gp (%) values, Table 3, the inhibitive
properties of the studied inhibitors can be given by the follow-
ing order: for group I: TEPA3 > TEPA2 > TEPA1 with val-
ues 91.0 > 87.3 > 85.2%, respectively, and for group II, the
order is DAO3 > DAO2 > DAO1 with values
78.9 > 74.4 > 65.5%, respectively.
(a) As the starting amines DAO1 and TEPA1 are ethoxylat-
ed or propoxylated individually with ethylene oxide or propyl-
ene oxide to yield DAO2 and TEPA2 or DAO3 and TEPA3,
respectively, the current density decreases due to the new exis-
tence of oxygen atoms. The Icorr at o.1 mmol dm
3 is
0.7639 mA cm2 for DAO1, 0.4590 mA cm2 for DAO2,
0.3618 mA cm2 for DAO3, 0.2758 mA cm2 for TEPA1,
0.2423 mA cm2 for TEPA2 and 0.1753 mA cm2 for TEPA3.
Hence, the inhibitor effect is to displace current density to low-
er values (lower corrosion rate) as a result of increasing thefunction group which help in the attachment with the metal
surface.
(b) The corrosion potential (Ecorr) value for 1 M HCl is
558 mV and it varied after the addition of the inhibitor to
be the difference in the corrosion potential (DEcorr) within 5–
30 mV, indicating that the inhibitors are mixed type. From
Fig. 2(a and b) and Table 3, the corrosion potential (DEcorr)
between the blank and DAO1 and TEPA3, as a representative
sample, at 0.1, 0.2, 0.3, 0.4, 0.5 mmol/dm3 is 5, 31, 14, 11,
37 mV for DAO1 and 9, 128, 136, 38, 12 for TEPA3. These
values indicate that, the studied inhibitors have the ability to
inhibit both anodic and cathodic reactions because DEcorr =
5–30 mV. So it is a mixed inhibitor. This means that the inves-
tigated inhibitors have a signiﬁcant effect on retarding the
cathodic hydrogen evolution reaction and inhibiting the ano-
dic dissolution of carbon steel.
This behavior supports the adsorption of inhibitor onto the
metal surface and caused a barrier effect for mass and charge
transfer of anodic and cathodic reactions.
Under the experimental conditions performed, the cathodic
branch represents the hydrogen evolution reaction, while the
anodic branch represents the iron dissolution reaction. From
the obtained results, it is clear that, with the increase of the
inhibitor concentration in the bulk solution, both cathodic
and anodic current decreases, which is due to the blockage
of the surface with the adsorbed inhibitor molecules. Fig. 3
Figure 3 Relationship between corrosion current density (Icorr)
and different concentrations of the investigated inhibitors in 1 M
HCl.
0 5 10 15 20 25 30 35 40
0
5
10
15
20
 B
 1
 2
 3
 4
 5
- Z
i (
oh
m
 c
m
2 )
Zr (ohm cm
2)
0 20 40 60 80 100 120 140
0
10
20
30
40
50
60
70
 B
 1
 2
 3
 4
 5
- Z
i (
oh
m
 c
m
2 )
Zr (ohm cm
2)
(a)
(b)
Figure 5 Nyquist plots for carbon steel electrode in 1 M HCl in
the absence and presence of different inhibitor concentrations [(B)
blank, (1) 0.1, (2) 0.2, (3) 0.3, (4) 0.4 and (5) 0.5 mmol dm3] of (a)
DAO1 inhibitor and (b) TEPA3 inhibitor.
106 A.M. Al-Sabagh et al.shows the corrosion current density (Icorr) values of carbon
steel with different concentrations of the investigated inhibi-
tors in 1 M HCl solution. In acidic media, corrosion current
density (Icorr) decreases noticeably with an increase in inhibitor
concentration. Lower corrosion current densities (Icorr) are ob-
served with increasing the concentration of the inhibitors
(0.1753 mA cm2 at 0.1 mmol/dm3 and 0.1099 mA cm2 at
0.5 mA cm2) for TEPA3 as a representative sample, with re-
spect to the blank inhibitor free solution (1.2235 mA cm2).
This is because the effect of the inhibitor is to displace current
density to lower value (lower corrosion rate). This behaviour
conﬁrms a greater increase in the energy barrier of carbon steel
dissolution process.
Also, the values of inhibition efﬁciency obtained from the
polarization curves for different inhibitor concentrations in
1.0 M HCl are shown in Fig. 4. It is clear that, the corrosion
inhibition enhances with increasing the inhibitor concentra-
tion. This behavior is due to the fact that, the adsorption
amount and coverage of inhibitor on carbon steel surface in-
creases with the inhibitor concentrations [32].
The values of cathodic Tafel slope (bc) and anodic Tafel
slope (ba) of the inhibitors are found to change with inhibitor
concentration, indicates that the inhibitor controlled both theFigure 4 Relationship between corrosion inhibition efﬁciency
(gp, %) and different concentrations of the investigated inhibitors
in 1 M HCl.reactions. In other words, the inhibitors decrease the surface
area for corrosion without affecting the mechanism of corro-
sion and only cause inactivation of a part of the surface with
respect to the corrosive medium [33,34].
3.4. Electrochemical impedance spectroscopy (EIS)
Fig. 5(a and b) shows Nyquist plots for carbon steel electrode
in 1 M HCl solution in the absence and presence of various
concentrations of DAO1 and TEPA3. The impedance param-
eters are mentioned in Table 4. From the impedance data we
conclude that the value of Rt increases with increase in concen-
tration of the inhibitors and this indicates an increase in the
corrosion inhibition efﬁciency, which is in concord with the
potentiodynamic polarization results obtained. In acidic solu-
tion, the impedance diagrams show perfect semi circles whose
size increases with the concentration of the inhibitor indicating
a charge transfer process mainly controlling the corrosion of
Table 4 Electrochemical impedance spectroscopy parameters for the corrosion of carbon steel in 1 M HCl containing various
concentrations of the investigated inhibitors.
Inhibitor Concentration (mmol dm3) Rt (ohm cm
2) Cdl (lF cm
2) gi (%)
Blank 0 11.20 43.44 ––
Group I DAO1 0.1 20.06 24.25 44.2
0.2 23.15 21.02 51.6
0.3 25.81 18.85 56.6
0.4 29.89 16.28 62.5
0.5 32.74 14.86 65.8
DAO2 0.1 23.11 21.05 51.5
0.2 25.67 18.95 56.4
0.3 27.02 18.01 58.5
0.4 32.55 14.95 65.6
0.5 35.21 13.82 68.2
DAO3 0.1 30.66 15.87 63.5
0.2 32.58 14.93 65.6
0.3 38.11 12.77 70.6
0.4 44.36 10.97 74.8
0.5 50.20 9.69 77.7
Group II TEPA1 0.1 35.21 13.82 68.2
0.2 39.62 12.28 71.7
0.3 56.34 8.64 80.1
0.4 70.58 6.89 84.1
0.5 80.60 6.04 86.1
TEPA2 0.1 35.82 13.58 68.7
0.2 40.58 11.99 72.4
0.3 57.05 8.53 80.4
0.4 74.29 6.55 84.9
0.5 99.65 4.88 88.8
TEPA3 0.1 36.60 13.29 69.4
0.2 41.48 11.73 73.0
0.3 59.27 8.21 81.1
0.4 78.16 6.22 85.7
0.5 131.20 3.71 91.5
Figure 6 The equivalent circuit (EC) used to ﬁt the EIS of
carbon steel in 1 M HCl.
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electrode of iron and steel with and without the inhibitor in
1 M HCl [2]. To analyze the impedance spectra, the equivalent
circuit (EC) given in Fig. 6 is used, where Rs represents the
solution resistance, Rt represents the charge transfer resistance
and Cdl represents the electrochemical double layer capaci-
tance. In fact, the presence of inhibitor enhances the value of
the transfer resistance in acidic solution. Values of the double
layer capacitance are also brought down to the maximum ex-
tent in the presence of inhibitor and the decrease in the values
of Cdl follows the order similar to that obtained for Icorr in this
study. The decrease in Cdl is due to the adsorption of these
compounds on the metal surface leading to the formation of
a ﬁlm from the acidic solution [34,35].3.5. Surface morphology using scanning electron microscopy
(SEM)
The corrosion inhibition efﬁciency of the inhibitor TEPA3 on
the carbon steel in 1 M HCl is clearly obvious in Fig. 7, which
shows the steel surface topography in the testing electrolyte in
the absence and presence of the inhibitor. Fig. 7(a) shows the
polished carbon steel surface before immersion. Fig. 7(b) dem-
onstrates that in the absence of the inhibitor, surface corrosion
is extensive and could clearly be seen in the form of signiﬁcant
surface damage. The ﬁgure conﬁrmed the presence of uneven
corrosion products arranged layer upon layer and in rough
surface layers. In contrast to the steel in the blank specimen,
the corrosion of the steel surface is negligible in the presence
of 0.5 mmol dm3 TEPA3, ‘‘Fig. 7(c)’’ this behavior may be
due to formation of cavity trap that arrests some corrosive
medium as a result of competition of planar molecules or twist
in planar molecule.
3.6. Quantum chemical study
The effectiveness of an inhibitor can be related to its spatial
molecular structure, as well as with their molecular electronic
structure. The quantum chemical method is introduced to
study the relationship between the organic molecular structure
Figure 7 (a) SEM Image of the polished carbon steel surface, (b)
SEM image of steel surface taken after immersion in 1 M HCl
solution (c) SEM image of steel surface taken after immersion in
1 M HCl solution in the presence of 0.5 mmol dm3 of TEPA3.
108 A.M. Al-Sabagh et al.and the inhibition effect. Sixteen parameters are listed in Ta-
bles 5–7 and the fully optimized minimum energy geometrical
conﬁguration of the inhibitors is shown in Fig. 8.
3.6.1. Parallel adsorption
The inhibiting effect of these compounds can be attributed to
their parallel adsorption at the metal surface. The parallel
adsorption is attributed to the presence of one or more active
centers for adsorption. The results seem to suggest that due to
the planar geometry of the six inhibitors, the molecular
adsorption probably occurs in such a way that the metal sur-
face and the molecular plane are parallel to each other, and
that, in this conformations the interaction is dominated bydonation and back donation between the molecule and the me-
tal surface. The planer geometry is clear in Fig. 8, in which
these molecules have approximately planar structure, that
can offer the largest contact area between the inhibitor mole-
cules and the steel surface.3.6.2. Molecular orbital energies [(EHOMO, ELUMO,
DELUMO–HOMO), eV]
It is well known that the lower ELUMO, the greater the capabil-
ity of accepting electrons and high EHOMO are likely to indicate
a strong tendency of the molecule to donate electrons to
appropriate acceptor molecules with low energy, empty elec-
tron orbital such as 3d orbital of Fe atom.
In the same way low values of the energy gap (DE= ELUMO–
EHOMO) will render good inhibition efﬁciencies, because the
energy needed to remove an electron from the last occupied
orbital will be low [36]. The DE of a molecule is a measure
of the hardness or softness of a molecule. Hard molecules
are characterized by larger values of DE and vice versa. How-
ever, hard molecules are less reactive than soft molecules be-
cause of the larger gap between the last occupied orbital and
the ﬁrst virtual orbital.
From Fig. 8, the HOMO and LUMO of the studied inhib-
itors are almost in a plane, implying that HOMO easily do-
nated electrons to the unoccupied 3d-orbital of Fe atoms
and meanwhile LUMO also easily accepted electron from the
occupied 4s-orbital of Fe atoms to form binding forces be-
tween the inhibitor molecule and Fe atoms on the metal sur-
face. Theoretically, the Fe atom of the carbon steel surface
can interact with the inhibitor molecules. The unoccupied
3d-orbit of Fe atom can accept electron from the HOMO of
the inhibitor molecule. On the other hand, 4s-orbit of Fe atom
has the active electrons in the outermost electron shell, which
can interact with the LUMO of the inhibitor molecule through
the share of the electron cloud. However, the interaction be-
tween 4s-orbit of Fe and the LUMO of the inhibitor molecule
is weaker than the case between 3d-orbit of Fe atoms and the
HOMO of the inhibitor molecule [37].
The quantum chemistry calculation in this study, Table 5,
revealed that as the length increases from DAO1 and TEPA1
to the ethoxylated (DAO2 and TEPA2) and to the propoxylat-
ed (DAO3 and TEPA3), the HOMO energy (EHOMO) level
boosted slightly while the LUMO energy (ELUMO) and the en-
ergy gap (DE) dropped sharply. The linear correlation between
EHOMO energy level and the corrosion inhibition efﬁciency of
the inhibitors proved that the higher the HOMO energy of
the inhibitor (less negative values), the greater the trend of
offering electrons to the unoccupied d orbital of the metal
and the higher the corrosion inhibition efﬁciency for iron in
HCl acid solutions. In addition, the lower the LUMO energy,
the easier the acceptance of electrons from the metal surface.
In other words, the inhibition efﬁciency increases if the com-
pound can donate electrons from its HOMO to the LUMO
of the metal, whereby chelation on the metal surface occurs.
Also, as the energy gap (DE) decreases, the efﬁciency of the
inhibitors is improved.
The order of increasing the values of EHOMO and
decreasing the ELUMO and the energy gap (DE) with increasing
the inhibition efﬁciency of TEPA1, TEPA2 and TEPA3
(group II) is (9.62 < 8.95 < 8.54 eV) and (6.93 >
5.86 >5.12 eV and 16.55 > 14.81 > 13.66 eV) with inhibition
Table 5 Quantum chemical parameters of the investigated inhibitors.
Compound name EHOMO(eV) ELUMO(eV) DE(LUMO–HOMO)(eV) Dipole moment
l,(Debye)
Lipophilicity coeﬃcient,
log P
Polarizability, pol (A˚3) Hydration energy,
Ehydr, (k cal mol
1)
Surface area,
A, (nm2)
Total energy,
ET (eV)
Group I DAO1 9.92 6.92 16.84 2.541 0.69 18.16 7.84 415.55 264,257
DAO2 8.90 5.914 14.814 1.157 0.32 35.38 20.27 712.99 645,642
DAO3 8.34 5.76 14.1 0.987 0.45 53.77 23.65 1073.1 876,554
Group II TEPA1 9.62 6.93 16.55 1.506 2.55 22.21 16.29 491.48 367,240
TEPA2 8.95 5.86 14.81 3.28 2.78 39.44 27.88 791.33 748,624
TEPA3 8.54 5.12 13.66 3.11 1.79 64.01 28.84 1213.83 984,532
Table 6 Other calculated quantum chemical parameters of the investigated inhibitors.
Inhibitor Ionization
potential, I (eV)
Electron aﬃnity, A (eV) Electronegativity of
the inhibitor vinhibitor(eV mol
1)
Electronic chemical potential
of the inhibitor
linhibitor(eV mol
1)
Global hardness, ginhibitor
= DE/2 (eV mol1)
Softness,r=
1/ginh (eV
1)
The number
of transferred
electrons (DN)
Group I DAO1 9.92 6.92 1.5 1.5 8.42 0.118765 0.32
DAO2 8.9 5.914 1.493 1.493 7.407 0.135007 0.37
DAO3 8.34 5.76 1.29 1.29 7.05 0.141844 0.40
Group II TEPA1 9.62 6.93 1.345 1.345 8.275 0.120846 0.34
TEPA2 8.95 5.86 1.545 1.545 7.405 0.135044 0.36
TEPA3 8.54 5.12 1.71 1.71 6.83 0.146413 0.38
The theoretical values of absolute electronegativity of iron (vFe), the absolute hardness of iron (gFe) and the electronic chemical potential of iron (lFe) are 7, 0 and 7 eV/mol, respectively.
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110 A.M. Al-Sabagh et al.efﬁciency (85.2 < 87.3 < 91.0%). The same behaviour is ob-
served for group 1.
With respect to the difference between the two series
‘‘group I and II’’ which is the number of nitrogen atoms.
The existence of three nitrogen atoms in group II more than
group I is the reason for the increased inhibition efﬁciency
for group II. There is a good correlation between the inhibition
efﬁciency order with respect to the two groups and the LUMO
energy (ELUMO) and the energy gap (DE). This is clear in Ta-
ble 5. Inspecting the data in this table, one can ﬁnd and ob-
serve the decreasing (ELUMO) and (DE) with increasing the
inhibition efﬁciency passing from group I to group II where
the order is as follows: DAO1 > TEPA1; DAO2 > TEPA2
and DAO3 > TEPA3 with energy gap (DE) values
16.84 > 16.55 eV; 14.814 > 14.81 eV and 14.1 > 13.66 eV,
respectively. This observation of decreasing the energy gap
(DE) values indicate the easier skip between LUMO and
HOMO which caused the higher inhibition efﬁciency.
From the calculated values of DE, the trend for the varia-
tion of the inhibition efﬁciency of the studied inhibitors with
decreasing value of DE, is similar to that deduced from exper-
imental data ‘‘electrochemical measurements’’.
The inhibition efﬁciency is sensitive to the changes of the
EHOMO and ELUMO, which suggested that the inhibitors are
perhaps the acceptor or the donor of the electron. This means
that, there is an electron transferring in the interaction between
the inhibitor molecules and both anodic and cathodic sites at
the metal surface.3.6.3. Dipole moment (l, Debye)
The dipole moment (l) is another parameter of the electronic
distribution in a molecule and is the measure of polarity of a
polar covalent bond. It is related to the hydrophobic character
of the molecules [38]. Some authors state that the inhibition
efﬁciency increases with increasing the value of the dipole mo-
ment which depends on the type and nature of molecules con-
sidered. But in most cases no signiﬁcant relationship has been
found between the dipole moment values and the inhibition
efﬁciency. Besides, there is a lack of agreement in the literature
on the correlation between dipole moment and the inhibition
efﬁciency [28]. According to some authors a low value of di-
pole moment favors the accumulation of inhibitor molecules
on the surface thus increasing the inhibition effectiveness, yet
others proposed the opposite correlation, that is, high dipole
moment enhances the adsorption on the metal surface, which
in turn contributes to higher inhibition effectiveness. Interest-
ingly, in this study, there is an irregularity that appeared in
the case of correlation of the dipole moment with the inhibi-
tion efﬁciency. This is clear from Table 5. Since, for group I,
it decreases and the inhibition efﬁciency increases ‘‘inverse
relation’’ while for group II, it increases and the inhibition efﬁ-
ciency increases ‘‘direct relation’’. In this situation, it is difﬁcult
to conclude something about the interaction between the ad-
sorbed molecules and the metal surface with respect to the di-
pole moment. In general, group II has higher value than group
I with respect to the dipole moment and inhibition efﬁciency
increases for group II than group I upon increasing the mono-
layer adsorption owing to the presence of more nitrogen atoms
in group II. This observation may be due to the dipole moment
which describes the separation of charge and the geometry of
the molecule.3.6.4. Surface area (A, nm2)
The small size of TEPA1 and DAO1 compounds relative to the
size of the other two derivatives for each may result in low sur-
face coverage and consequently leading to less inhibition ef-
fect. So, the increase of surface area leads to better surface
coverage and increases the inhibition efﬁciency. From Table 5,
it is clear that the surface area increases as the amine is ethoxy-
lated or propoxylated and tetra ethylene pentamine follows the
order TEPA1 < TEPA2 < TEPA3 with values 415.55 <
712.99 < 1073.1 nm2 for the surface area and 85.2 <
87.3 < 91.0% for the inhibition efﬁciency. While the 1, 8 di
amino octane follows the order DAO1 < DAO2 < DAO3
with values 491.48 < 791.33 < 1213.83 nm2 for the surface
area and 65.5 < 74.4 < 78.9% for the inhibition efﬁciency.
The inhibitor (TEPA3) has the highest molecular surface
area (1213.83 nm2) among the two series due to the presence
of the spread N within the tetraethylene pentamine, which
probably makes a better surface coverage of the metal surface
which explains the highest inhibition efﬁciency for the inhibi-
tor (TEPA3). In this molecule, the NH and NH2 are propoxy-
lated and then the active sites for the adsorption increase
within the molecule due to the presence of N and O dispersed
within the molecule and will be adsorbed on the metal surface
leaving the propylene group to retard water from coming to
the metal surface. This is in a good agreement with the exper-
imental results.
By comparing the two groups ‘‘group I and II’’ with respect
to each other, we can ﬁnd that, group II has greater surface
area than group I. The order of increasing surface area relative
to each other is as follows: DAO1 < TEPA1; DAO2 < TE-
PA2 and DAO3 < TEPA3 with values 415.55 < 491.48;
712.99 < 791.33 and 1073.1 < 1213.83, respectively. This is
due to the presence of three more nitrogen atoms with high
electronegativity for group II than group I.
3.6.5. Polarizability (pol, A˚3)
The tendency of an electron cloud to be distorted from its nor-
mal shape is referred to as its polarizability. The polarizability
of an ion (or an atom) depends largely on how diffuse or
spread out its electron cloud is. The polarizability plays a most
important role in the corrosion inhibition course. The polariz-
ability is expected to be involved since it is in direct proportion
to intrinsic molecular volume, and molecular volume is a mea-
sure of the energy needed to form a cavity in the solvent. That
is to say, the greater the polarizability, the more inhibitor mol-
ecules will leave from solvent bulk to be absorbed by metal
surface to form a protective ﬁlm, we can consider the polariz-
ability as a resultant of all intramolecular electron transfer
interactions. So increasing polarizability leads to higher inhibi-
tion efﬁciency [39]. The polarizability has an excellent correla-
tion with the inhibition efﬁciency as shown in Table 5. The
order of increasing the polarizability with the inhibition efﬁ-
ciency is DAO1 < DAO2 < DAO3 with values
18.16 < 35.38 < 53.77 A˚3 and TEPA1 < TEPA2 < TEPA3
with values 22.21 < 39.44 < 64.01 A˚3 for the polarizability
and 65.5 < 74.4 < 78.9% for the inhibition efﬁciency for
group I and 85.2 < 87.3 < 91.0% for the inhibition efﬁciency
for group II, respectively. This is of course due to the increased
volume of the propoxylated derivative than the ethoxylated
one and the increased volume of both than the original
compound. This increased volume enhances the ease of the
Structure effect of some amine derivatives on corrosion inhibition efﬁciency 111distortion of the electron cloud which will promote the adsorp-
tion of the inhibitor on the metal surface. Also, the polarizabil-
ity increases when comparing the two groups with each other
and they follow the order DAO1 < TEPA1; DAO2 < TEPA2
and DAO3 < TEPA3. This is owing to the increased volume
of group II due to the increased N atoms within the inhibitor
molecule.
3.6.6. Log P (lipophilicity coefﬁcient)
Lipophilicity (log P) accounts for the hydrophobicity of an ac-
tual molecule. Hydrophobicity of an organic molecule in-
creases with decreasing water solubility. In corrosion studies,
hydrophobicity is related to the mechanism of formation of
the protective layer on the metal surface (which reduces the
corrosion process drastically). The high lipophilicity (log P)
is due to the slow transport to the surface. This suggests that
more effective corrosion inhibitors can be designed by modify-
ing the tails or pendant groups to be more soluble in water.
As obvious in Table 5, values of log P are found to have a
good relationship with the corrosion inhibition efﬁciencies of
the studied inhibitors. A larger P or more positive log P thus
corresponds to a higher lipophilicity. Simply stated, the lipo-
philicity of an inhibitor is its inverse tendency to prefer oil-like
environment to an aqueous one. In other words, the inhibitor
has low lipophilicity coefﬁcient value, as it favors the water like
environment and then its great tendency to be adsorbed on the
metal surface which needs electrons in its external orbital.
However, behind this property lies a net of intermolecular
interactions such as hydrogen bonding and dipole effects. This
is clear in Table 5. For group I, DAO1 is not soluble in water
and it has the largest value but when it is ethoxylated (DAO2),
it becomes soluble and its value decrease. On the other hand as
it is propoxylated (DAO3), its solubility in water increases very
slightly owing to the more CH3 group in the propylene oxide
which retard the solubility of the molecule. The order of
increasing solubility for group I is as follows: DAO1 <
DAO3 <DAO2 with values 0.69 < 0.32 < 0.45. For group
II, TEPA1 is soluble in water and the ethoxylated derivative
(TEPA2) is soluble more due to the ethylene oxide units which
enhance the solubility of any molecule and this is clear in its
value 2.78 which is more negative than TEPA1. Whereas,
as TEPA1 is propoxylated (TEPA3), the solubility of the ori-
ginal compound (TEPA1) decrease due to the propylene oxide
groups which retard the water solubility. The order for this
group is TEPA3 < TEPA1 < TEPA2. By comparing the
two groups with each other, group II is more soluble owing
to the starting TEPA1 which has more N atoms than DAO1,
and this difference affects the derivatives and they follow the
order: DAO1 < TEPA1; DAO2 < TEPA2 and DAO3 <
TEPA3.
3.6.7. Total energy (ET, eV)
The total energy of molecule, including all forms of kinetic mo-
tion (translation, vibration, and rotation) and all forms of po-
tential energy (electrostatic interaction between changes,
magnetic interactions between spinning charges, and potential
energy of bonds), determines the reactivity and stability of a
molecule. It includes the energy in all the chemical bonds,
and the energy of the free, conduction electrons in metals.
The total energy has been calculated and correlated with
experimental results. A satisfactory agreement is found be-tween theoretical and experimental data. The higher the total
energy (ET), conﬁrms the higher stability of the molecule and
hence the lesser the tendency of it to the donating ability. From
the results, it is evident that based on the decreasing values of
the total energy (ET), the trend for the variation of the inhibi-
tion efﬁciency follows the order: DAO1 > DAO2 > DAO3
with values 264,256 > 645,642 > 876,554 eV and TE-
PA1 > TEPA2 > TEPA3 with values 367,240 >
748,624 > 984,532 eV for the total energy and
65.5 > 74.4 > 78.9% for the inhibition efﬁciency for group I
and 85.2 < 87.3 < 91.0% for the inhibition efﬁciency for
group II, respectively. The total energy values calculated when
comparing the two groups with each other follow the order:
DAO1 > TEPA1; DAO2 > TEPA2 and DAO3 > TEPA3
which supports the order obtained for the inhibition efﬁcien-
cies and hardness values.
3.6.8. Hydration energy (Ehydr, kcal/mol)
The inhibition efﬁciency increases with decreasing values of the
hydration energy for group I and II. So, there is an excellent
correlation between corrosion inhibition efﬁciencies and the
hydration energy of the inhibitors (Table 5). Hydration energy
values are all negatives, indicating that, the dissolution of the
inhibitors in water (hydration) is an exothermic process. The
negativity of the hydration energy increases along each series
and also with respect to the two groups with each other. This
indicates that as the molecule increase, the exothermic dissolu-
tion of the inhibitors increase and they follow the order:
DAO1 > DAO2 >DAO3 and TEPA1 > TEPA2 > TEPA3
with hydration energy values 7.84 > 20.27 >23.65 kcal/
mol and 16.29 > 27.88 > 28.84 kcal/mol, respectively,
and DAO1 > TEPA1; DAO2 > TEPA2 and DAO3 > TE-
PA3 with values 7.84 > 16.29; 20.27 > 27.88 kcal/mol
and 23.65 > 28.84 kcal/mol, respectively. The increase of
the negativity of the hydration energy along each series is
due to the hydrogen bond which is formed between the inhib-
itor (nitrogen and oxygen of the ether linkage) and water mol-
ecules, since as the negativity of the hydration energy increase,
the energy which will be needed to break the hydrogen bond
will increase. The ethoxylated derivatives have more ethylene
oxide groups than the starting compound. Hence, its hydration
energy will be higher than the original compound. As the com-
pound is propoxylated, the hydration energy increases more
than the starting compound due to the increased oxygen
groups and more than the ethoxylated derivatives. This may
be owing to the tactic structure of the propoxylated derivatives
which forced the molecule to be planar while the ethoxylated
derivatives may be coiled around themselves and thus decrease
the number of oxygen atoms which will be exhibited to the
water molecules.
3.6.9. Hardness (g, eV/mol)
Global hardness (g) is approximated as DE/2, and can be de-
ﬁned under the principle of chemical hardness and softness
(HSAB). It provides information about the reactive behavior
of molecules. A high value of the absolute hardness is, thus,
an indication of high stability and low reactivity. In Table 6,
the calculated reactivity order for group I and II is DAO3 >
DAO2 > DAO1 and TEPA3 > TEPA2 > TEPA1 with hard-
ness values 7.05 < 7.407 < 8.42 eV/mol and 6.83 < 7.405 <
8.275 eV/mol, respectively. This order of decreasing the global
Table 7 Charge density distribution of the investigated
inhibitors.
Inhibitor Charge distribution
Group I DAO1 N= 0.327
DAO2 N1 = 0.681 N10 = 0.681
O1 = 0.706 O2 = 0.705
O3 = 0.706 O4 = 0.705
DAO3 N1 = 0.291 N2 = 0.291
O1 = 0.39 O2 = 0.39
O3 = 0.39 O4 = 0.39
O5 = 0.39 O6 = 0.39
O7 = 0.39 O8 = 0.39
O9 = 0.39 O10 = 0.39
O11 = 039 O12 = 0.39
Group II TEPA1 N1 = 0.326 N2 = 0.313
N3 = 0.312 N4 = 0.313
N5 = 0.326
TEPA2 N1 = 0.683 N2 = 0.641
N3 = 0.641 N4 = 0.641
N5 = 0.683 O1 = 0.705
O2 = 0.705 O3 = 0.70
O4 = 0.70 O5 = 0.70
O6 = 0.70 O7 = 0.70
O8 = 0.70 O9 = 0.705
O10 = 0.705
TEPA3 N1 = 0.297 N2 =  0.221
N3 =  0.221 N4 =  0.221
N5 = 0.297
O1 = 0.389 O2 = 0.389
O3 =  0.38 O4 =  0.38
O5 =  0.38 O6 =  0.38
O7 =  0.38 O8 =  0.38
O9 = 0.389 O10 = 0.389
Figure 8 The Frontier molecular orbital density distribution for
the investigated inhibitors.
112 A.M. Al-Sabagh et al.hardness ‘‘increasing the reactivity’’ along each series is in an
inverse relation with inhibition efﬁciency. As the global hard-
ness decrease, the inhibition efﬁciency increase and vice versa
along each series. Also the same correlation occurs with re-
spect to the relation between the two groups; group I is less
reactive than group II. The order of hardness by comparing
the two groups is TEPA3 < DAO3; TEPA2 < DAO2 and
TEPA1 < DAO1 with hardness values 6.83 < 7.05;
7.405 < 7.407 and 8.275 < 8.42 eV/mol and with inhibition
efﬁciency values 91.0 < 78.9; 87.3 < 74.5 and 85.2 < 65.5%,
respectively. The close values of chemical hardness (g) indicate
the potential for these derivatives for their use as possible cor-
rosion inhibitors with more potential for tetraethylene penta-
mine derivatives over 1, 8 diamino octane derivatives.
3.6.10. Softness (r, eV1)
The softer a molecule, the more reactive it becomes. A soft
molecule is more reactive than a hard molecule because a soft
molecule has a lower energy gap [28]. From Table 6, it is
clear that the softness is increased along each group with
values 0.141 > 0.13500 > 0.118 eV1 and 0.146 > 0.13504 >
0.12 eV1 for DAO3 > DAO2 >DAO1 and TEPA3 > TE-
PA2 > TEPA1, respectively with the same trend for inhibition
efﬁciency. Also, the calculations show that, the softness in-
creases when comparing the two series, in which
0.146 > 0.141; 0.13504 > 0.13500 and 0.12 > 0.118 eV1,
respectively for TEPA3 > DAO3; TEPA2 > DAO2 and TE-PA1 > DAO1. The order of increasing the softness of the
inhibitors means increasing their adsorption on the metal sur-
face and increasing their inhibition efﬁciency. The values of
Table 8 The inhibition efﬁciency experimentally and theoretically of the investigated inhibitors.
Concentration (mmol dm3) gexp (%) gtheo (%) Dg (theoexp) (%)
Group I DAO1 0.1 37.6 39.8 2.2
0.2 54.4 56.5 2.1
0.3 56 58 2
0.4 62.3 64.7 2.4
0.5 65.5 67.8 2.3
DAO2 0.1 62.5 72.9 10.4
0.2 65.5 75.8 10.3
0.3 66.8 77 10.2
0.4 72.8 83.1 10.3
0.5 74.5 84.5 10
DAO3 0.1 70.4 76.4 6
0.2 71.3 77.7 6.4
0.3 76.1 82.3 6.2
0.4 78 84.3 6.3
0.5 78.9 85.5 6.6
Group II TEPA1 0.1 77.5 80.6 3.1
0.2 77.6 81.1 3.5
0.3 80.1 83.5 3.4
0.4 84.5 87.7 3.2
0.5 85.2 88.3 3.1
TEPA2 0.1 80.2 90.4 10.2
0.2 83.5 93.9 10.4
0.3 85.7 95.8 10.1
0.4 86.5 96.8 10.3
0.5 87.3 97.8 10.5
TEPA3 0.1 85.7 90.9 5.2
0.2 86.5 92.2 5.7
0.3 87.4 92.6 5.2
0.4 88.9 94.2 5.3
0.5 91 96.1 5.1
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tal results, since there is a positive relation between the softness
and the inhibition efﬁciency. Hence, the best inhibitor is the
one which has the highest value of (r), which also indicates
that higher number of electrons is transferred.
3.6.11. Electron afﬁnity (A, eV)
The electron afﬁnity of molecules is a complicated function of
their electronic structure. The energy of the LUMO is directly
related to the electron afﬁnity. FromTable 6, it is clear that there
is a good correlation between the electron afﬁnity and the inhi-
bition efﬁciency for the two groups. The order of decreasing
the electron afﬁnity with decreasing the inhibition efﬁciency is
as follows: TEPA3 > TEPA2 > TEPA1 and DAO3 >
DAO2 >DAO1 with electron afﬁnity values 5.12 >
5.86 >6.93 eV and 5.76 > 5.914 >6.92 eV, respec-
tively, and inhibition efﬁciency values 91.0 < 87.3 <
85.2% and 78.9 < 74.4 < 65.5%, respectively. Also, there is a
positive trend between the electron afﬁnity and the inhibition
efﬁciency in relation with the two groups with respect to each
other. Electron afﬁnity values are all negative, indicating that
their inhibition potential may be related to the tendency of the
molecules to be electrophilic. As the electron afﬁnity increase
along each series, the afﬁnity of the inhibitor to accept electrons
from the metal surface into the inhibitor antibonding orbital in-
crease and the energy given off increase. Then the inhibition efﬁ-
ciency increase indicating more protection for the carbon steel
surface.3.6.12. Ionization potential (I, eV)
The energy of the HOMO is directly related to the ionization
potential. From Table 6, it is clear that the decrease of the ion-
ization potential is accompanied by the increase of the inhibi-
tion efﬁciency. So, there is an inverse correlation between the
ionization potential and inhibition efﬁciency. The order of
decreasing the ionization potential is TEPA1 > TEPA2 >
TEPA3 and DAO1 > DAO2 >DAO3 with values
9.62 > 8.95 > 8.54 eV and 9.92 > 8.9 > 8.34 eV, respec-
tively. This observation may be due to the stability factor of
the inhibitor molecule in the solution. Since the ionization po-
tential decrease, the minimum energy needed for the detach-
ment of the orbital electrons to bind to the metal surface,
protecting it from corrosive media, increase and hence the inhi-
bition efﬁciency increase.
3.6.13. Electronegativity (v, eV mol1) and chemical potential
(l, eV mol1)
Electronegativity is related to the ability of the molecule to
draw electron toward itself as it represents the negative of
the electronic chemical potential. Hence, it is related to the
inhibition efﬁciency and electron afﬁnity. Thus, the electroneg-
ativity and hardness are of course used extensively to make
predictions about chemical behaviour. In the reaction of
two systems with different electronegativities (as a metallic sur-
face and an inhibitor molecule) the following mechanism will
take place: the electron ﬂow will happen from the molecule
Sketch 1 Surface area of the investigated inhibitors.
114 A.M. Al-Sabagh et al.with the low electronegativity towards that of a higher value,
until the chemical potentials are the same [35]. In other words,
large electronegativity values characterize the acceptor and
small electronegativity values are found for the donators. So,
if the iron metal and the inhibitor molecules are brought to-
gether, electrons will be partially transferred from this of low
electronegativity to that of high electronegativity (electrons
ﬂow from high chemical potential to low chemical potential).
As the electronegativities of the considered inhibitors are smal-
ler than the metallic iron (7 eV mol1) and conversely, the elec-
tronic chemical potential of the inhibitors are larger than the
metallic iron (7 eV mol1), this indicates the ﬂow of electrons
from the molecule, which has the highest chemical potential to
the metal, which has the lowest chemical potential.
From Table 6, it is possible to observe that DAO3 molecule
has the lowest value of the electronegativities (1.29 eV mol1)
which has the greatest inhibition efﬁciency (78.9%) among
group I as compared to DAO1 which has the highest value
(1.5 eV mol1) with the lowest inhibition efﬁciency (65.5%).
The trend is opposite for group II, since the compound with
high inhibition efﬁciency is that with highest electronegativity.
TEPA3 has electronegativity (1.71 eV mol1) and inhibition
efﬁciency (91.0%) whereas the least value of electronegativity
(1.345 eV mol1) is exhibited by the inhibitor that has the low-
est inhibition efﬁciency (TEPA1 = 85.2%).
Irrespective of the opposite behavior in the two groups, all
the electronegativity values are smaller than those of the iron
(7 eV mol1) and the electronic chemical potential is higher
than that for the iron (7 eV mol1). This indicates the ﬂow
of electrons from the inhibitors (highest chemical potential)
to the iron (lowest chemical potential).
3.6.14. The number of transferred electrons (DN)
According to Lukovits’s study, if the value of DN< 3.6, the
inhibition efﬁciency increased with increasing electron donat-
ing ability of inhibitor at the metal surface. The values of
(DN) presented in Table 6 represents the number of electronic
charges that will be exchanged between the surface and the ad-
sorbed species. It is observed from Table 6 that, the inhibition
efﬁciency increased with the increase in the values of DN for
each series. The greater value of 0.38 for TEPA3 within group
II indicates the maximum transfer of electron and hence great-
er inhibition efﬁciency. Thus, the fraction of transferred elec-
trons is the largest for TEPA3 as compared to the other two
compounds TEPA2 (0.36) and TEPA1 (0.34) within group
II. The same trend is observed for group I, in which the order
of electron transfer is DAO3 > DAO2 >DAO1 with values
0.40 > 0.37 > 0.32.
From the previous discussion, it is clear that low hardness
value, high softness value and high value of the fraction of
electron transferred enhances inhibition efﬁciency.
3.6.15. Charge density distribution
The more negatively charged a hetero atom, the more it can be
adsorbed on the metal surface through the donor – acceptor
type reaction. It is conﬁrmed that, the more negative the atom-
ic partial charges of the adsorbed center, the more easily the
atom donates its electrons to the unoccupied orbital of the sur-
face atoms of the metal and the more easily the electrostatic
attraction between the surface and the studied molecules.
The Mulliken charge distribution is presented in Table 7 fornitrogen and oxygen atoms because nitrogen and oxygen
atoms have higher charge densities than carbon and hydrogen
atoms. The regions of the highest electron density are generally
the sites to which electrophiles attacked. Therefore N and O
atoms are the active centers, which have the strongest ability
of bonding to the metal surface. In Table 7, the oxygen atomic
charges are more negative than the nitrogen atomic charges, so
the oxygen atoms are more easily adsorbed on the metallic sur-
face. On the other hand, HOMO (Fig. 8) is mainly distributed
on the area containing nitrogen and oxygen atoms. Thus, the
area containing oxygen and nitrogen atom is probably the pri-
mary site of the bonding. Based on the discussion above, it can
be concluded that the TEPA3 and TEPA2 molecules have
many active centers of negative charge owing to the dispersed
N atoms and the added oxygen atoms. Whereas DAO3 and
DAO2 have slightly less active centers due to the presence of
only two nitrogen atoms in the terminal of the molecule. In
addition, the areas containing N and O atoms are the most
possible sites of bonding metal surface by donating electrons
to the metal iron. From the molecular orbital density distribu-
tion, Fig. 8, it can be recognized that, the electron density of
the frontier orbital is proportioned over several atoms. This
kind of structure is difﬁcult to form chemical bond active
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tion between the interaction sites.
Because most of corrosion inhibitors investigated in this pa-
per contain nitrogen and oxygen groups, we speculated that
the corrosion inhibition function of them is root in not the
individual action of N atom, but the collective action of the
N and O atoms, and this has been veriﬁed by experiments.
3.6.16. Correlations between the inhibition efﬁciency and the
quantum parameters
From all of the foregoing discussions and from Tables 5–8 and
Fig. 8, the quantum parameters are in good agreement with the
inhibition efﬁciency. But there is a difference between the inhi-
bition efﬁciency obtained experimentally and theoretically.
This means that, there is no simple or direct trend relationship
between the quantum chemical parameters and the corrosion
inhibition efﬁciency. The difﬁculty in obtaining this direct rela-
tionship conﬁrms the complex nature of the interactions in-
volved in the corrosion inhibition process. Therefore, there
could be a composite index of more than one parameter, which
might affect the inhibition efﬁciency of the molecules. In spite
of the good correlations between experimental and calculated
inhibitor efﬁciencies, the over simpliﬁcation of the metal-inhib-
itor system by implicit assumptions of corrosion system is still
present in theoretical work, neglecting some other important
factors such as solubility constant, competitive adsorption
and surface nature which might be the reason for getting better
correlation.
3.6.17. Correlations between the inhibition efﬁciency
theoretically ‘‘from Quantum Theory’’ and experimentally
By inspecting the inhibition efﬁciency experimentally and the-
oretically as in Table 8, generally, it is found that the theoret-
ical inhibition efﬁciency is greater than the experimental one.
This ﬁnding means that the adsorption of these inhibitors de-
pends on their chemical structure and their behavior in solu-
tion. The inhibition efﬁciency differences ‘‘Dg(theoexp)’’ for
DAO1 and TEPA1 cited between 2% and 3%, respectively.
Otherwise the inhibition efﬁciency differences ‘‘Dg(theoexp)’’
for the ethoxylated and propoxylated derivatives (DAO2 and
DAO3), respectively, is ±10% for DAO2 and ±6% for
DAO3. On the other hand, the inhibition efﬁciency differences
‘‘Dg(theoexp)’’ for TEPA2 is ±10% and ±5% for TEPA3. By
analyzing these data, one can conclude that, the small differ-
ence of ‘‘Dg(theoexp)’’ for DAO1 and TEPA1 may be due to
the solubility behavior of the two compounds. But in case of
the ethoxylated derivatives for both amines, the inhibition efﬁ-
ciency is nearly closed and larger than that obtained by the ori-
ginal compounds. This ﬁnding points to the chain of the
polyoxyethylene which may be coiled in the solution and make
shielding of nitrogen atom to be adsorbed on the surface. The
‘‘Dg(theoexp)’’ for the propoxylated derivatives is smaller than
which obtained by the ethoxylated derivatives (6% for DAO3
and 5% for TEPA3). This behavior may be due to: (tactic
structure, isotactic, syndiotactic or atactic) of the polypropyl-
ene oxide which prevents the chain from coiling, so that the
nitrogen atoms adsorbed without hindrance on the surface.
Furthermore, the highest efﬁciency is obtained by the propoxy-
lated derivatives (DAO3 = 78.9%, TEPA3 = 91%) as a result
of increasing their surface area at 0.5 mmol dm3. This expla-
nation can be described clearly in Sketch 1.4. Conclusions
In this study, the inhibition properties for 1,8-diaminooctane
(DAO1) and its derivatives (DAO2 and DAO3) and for tetra
ethylene pentamine (TEPA1) and its derivatives (TEPA 2
and TEPA 3) are tested by using electrochemical measure-
ments (OCP, potentiodynamic polarization and EIS). Accord-
ing to the results, group II is good inhibitor in 1 M HCl than
group I owing to the dispersed N atom within the molecule in
group II. Polarization curves showed that the inhibitor is a
mixed type one. The protection efﬁciency increased with
increasing inhibitor concentration. The decrease in the capac-
itance double layer (Cdl) with concentration indicated that,
the studied compounds are adsorbed on the metal surface cre-
ating a physical barrier to charge and mass transfer for metal
dissolution and hydrogen reduction reaction.
The relationships between inhibition efﬁciency of inhibitors
on the surface of iron in 1 M HCl and the EHOMO, ELUMO, the
energy gap (DE), the dipole moment, the hydration energy, the
surface area (nm2), log P, polarizability, total energy and the
Mulliken charge densities are calculated using single point ab
initio method using Austin model 1. The inhibition efﬁciency
increased with the increase in EHOMO and the surface area.
The polarizability also plays a most important role in the cor-
rosion inhibition course. Increasing Polar leads to higher inhi-
bition efﬁciency. On the other hand, the inhibition efﬁciency
increases with the decrease in ELUMO, the energy gap (DE),
hydration energy and the total energy. TEPA3 has the highest
inhibition efﬁciency because it has the lowest energy gap (DE)
values, and it is the most capable one of offering electrons.
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